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GYROSCOPIC INSTRUMENTS FOR INSTRUMENT FLYIN?

By W. G. Brombacher and W. C. Trent
SUMMARY

The gyroscopic instruments commonly wused in instru-
ment flying in the United States are the turn indicator,
the directional gyro, the gyromagnetic compass, fthe gyro-
scopic horizon, and the automatic pilot. These instru-
ments are described. Performance data and the mefthod of
testing in the laboratory are glven for the turn indi-
cator, the directional gyro, and the gyroscoplc "horizon,
Apparatus for driving the instruments is dlscussed.

IRTRODUCTION

When the ground is not visible the navigation of air-
craft depends solsly upon instruments. Progress in in-
strument flying, as this type of navigation is called,
regts largely upon the development of satisfactory Instru-
ments for maintaining straight, level flight, the propsdT
course, and a safe altibude. It was discoveFsd early ithat
the indications of the magnetic conpass and inclinoneters
of the gravity-controlled type could not be relied upon to
naintain an airplane in straight, level flight due largaly
to the effects of acceleration of the aircraft. It soon
became evident that the ultimate basis for satisfaetory
instruments is the gyroscope. The magnetic compass Wwas"
found to be unreliable during turns from a northerly or
southerly course, and unsteady in indication in dbumpy air.
Inclinometers of the type early available such as pendu-
luns, rolling balls, or bubble levels, indicate accelera-—
tions as well as inclination, with no available means to
differentliate between the. two. :

The gyroscopic instrument first used gencrally was the
gyroscopic turn indicator developed in 1918 and 1519 (ref-
erences 1 and 2). In this instrument a precession of the
rotor isg produced only by turning the instrument about ITs™
vertical axis. The precessional torque is balanced by a



2 A CLA, Technical ¥ote No. 662

spring., The turn indicator is usoed prinecipally to diffor-
entiate between the conditions of straight flight and
turning.

Attempts have been made to control the rotor speed of
turn indlcators in order to. secure.accurate indications of
the rate of turn. Control of the speed of air-driven ro-
tors requlres a speed-measuring device or a device for
measurement or control of volume air flow, both inconvon~
ient on aircraft. The most practical solution would be
the use of an electrically driven rotor, such as have been
developed and are in limited wuse, mainly in . research work
(N.A.C.A, in this country) and orn rigld airships. Their
use in airplanes has been rendered almost needless by
other developments.

The next improvement in the indication of direction
was the Sperry dlrectional gyro which indicates the¢ hcad-
ing both in stralght flight and during turns (reference 3).
The indication depends essentially upon o free gyroscopo,
the rotor axis of which theoretically holds a fixed direc—
tion in space. Actually, precessional torques are present
cauging errors in the indication of the heading. There-
fore the indlcation must be periodlcally reset to corre-—
spond to that of the magnetic compass.

The magnetic compass, the turn indicator, and the di-
rectional gyro are now generally installed in every alr~
Plane equipped for instrument flying; at least two of
these are essential, of which one nust be the magnetic
conpass. '

One phase of development work on direction instruments
at present is focused on the possibility of adding a nag-
netlic control to the directional gyro, in order to elimi-
nate the necessity of periodically reosetting the instru-
ment. This development ls the gyromagnetic compass de-
.scribed later in this report. If this instrument becomes

available for service use, it can, theoretlcally at least,
replace the three instruments now uwged; practically, con-
siderable successful experience will have to be accumulat~
ed before the simplo and relatively dependable magnotic
compass is olimlnated from airplanes. It is also prodbable
that the turn indicator will be retained because of its
usefulness in indicating approximate 'rate of turn.

The use of a gyroscopic compass gimilar in principle
to. the marine type has been proposed, dbut successful adap-
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tation for aircraft use has not been achieved.

Parallel to the use of the direction instruments
above~mentioned, extensive use is being made of radio de-
vices to 1nd1cate direction and, in addition, to locats to
2 limited extent the position of the airplane., Two pri-
mary devices are availatls. In the first, which is ex-~
tensively used, radlo beams are vprojected on a desired
course betweoen itwo alrmorts, in effoet ‘defining the airway.
Tho airplane is equippvod so that characterisiic signals are
rocelvod, pormitting the pilot to fly theo desired course
without primary dependence upon the ordinary dircction in-
strumonts in the asirplane. With the radioc boam the coursec
flown is automatically corrocted for the effoct of drift
caused by side winds 2nd an indicatlon of position is odb~
tained whenover the ailrplane is over a courso—scnding sta-
tione. The systom suffers from tho-roestriction that ordi-
narlily only an indication of four courses to or from a radio
station is secured, although procedures for interpolation
between courses have been suggested. Further, fading of the
beam occurs under certain atmospheric conditions and re-
flections of the beam in mountainous country cause eTTrors’
in indication. Work is being contered on increasing the
roliability of the syston. '

The second radio device involves the use of a radilo
direction finder on the airplane to locate the direction
of & ground radio station with reference to the indicated
magnetic heading of the ailrcraft. It 1s essentially a
homing device and can be used to fly toward the station
from any point from which 2 radic signal is obtainocd. The
effect of drift caused by a side wind is not eliminated so
that a curved course i1s generally flown, but this dofect
bocomes relatively loss important as the speod of airplanes
is increasgsed. This device is 1ittle used in this country,
although somo oeoxperimental work 1s in progress. Tho cathode-
ray radio compass should be mentioned. In this instrument
& cathode-ray tube is used as the indicator of the direc-
tion of a ground radio station. Considerable inmmunity
fron statlic and nlight effects is clalmed.

The ground direction finder is used on European alir
lines and in air-line flights over oceans. The bearing of
a radlo transmitter on the airplane is taken Dy two ground
stations, from which date the position of the airplane is
determined and transmitted to the pillot.

The indication of pitch and bank of the airplane is

~t
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at present secured from & single gyroscoplc instrument,
the Sperry grroscopic horizon (reference 3). 4 gravity
control 1s provided to keep .tho. rotor axis vertical and is
so applied that the regsultant precession is in one plane
and not in a spiral path., In effect the instrument is a
pendulum having a longz period compared with the duration
of disgturbing accelerations such as occur in turns.

Automatic pilots sre designed to hold the alrplanc on
& deslired heading and in.level flights No satisfactory au-
tomatic pilot has been developed in which the sensltlve el-
ements are o combination of pendulums and & magnotic con-
pass, although a number of such pilotws have been construct-~
ed. Apparently elements of the gyroscoplc type are essen—
tisl in orderto obtain the relatively long period needed
for stability during the .accelerations experienced in the
maneuvers of airplanses. In the Sperry automatic pilo¥
(references 4 and 5) the airplane controls are positioned
in accordance with the readings of the directional gyro
and the gyroscopic horizon. Level flight is obtalned auto-
matically by controlling the pitch reading of the gyro-
gcopic horizon wilth an altimcoter element. The trend of de-—
veloyment work at present is focused on making automatic
as far ag possible certain manual adjustments now poriodil-
cally reqguirod. :

The above survey on the course of development of in=
struments for instrumont flying refors in gemeral to work
in the United States. In Buropo a variety of gyroscopilc
instruments have been developed, scme of which have sur—
vived the exporimontal stage (reference 2). Howover, nany
European air lines are using the gyroscopic instruments de-
gcribed above for indicating rate of turn, direction, pitch,
and bank, Automatic pllots utilizing gyroscopes in a fun-
damentally different manner have been develeoped (references
6 and 7), notably the British automatic pilot (refercnce 8),
the Pollock=Brown deviator, and the. Siemens auto pilot.

In thig report only gyroscople instruments used and.
mainly developod in this country are consldered. Thege
are the turn indicator, the directional gyro, the gyromag-
netic compass, the gyroscopic horigon, and the automatlc
Pilo’bo ' ’ .

The remnort was prepared with the financial assistanco
and cooperatlion of the Natlonal Advisory Committee for
Aeronauties. The performance data given herein was in
large part obtained at the National 3ureau of Standards in
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cooperation with the Burcau of Apsronautics of the Navy Do-
partment.

PURN INDICATOR

Principle of ingtrument.~ The sensitive element of
the turn indicator is a rotor of relatively high inertia,
tho spin axis of which is parallel to the lateral axls of
tho instrumont (refercences 1 and 2), Tho robor is free to
process against the torque of a rostraining spring, oanly
about an axis parallel to tho fore-and-aft axis. Precceos-
sion about this axis ig produced dy turns adbout the verti-
cal, or Z, axis. The deflection of the spring is indi-
cated by a suitable mechanism. A%t the start of a turn the
precessional torque L is given by the relation

L = W, W I (;)
in which W, 1is the rate of rotation of the gyroscopé TO-
tory, W, is the rate of turn of the aircraft, and I
the polar moment of inertia of the gyroscope rotor. It is
gseen that if the rotational speed of the rotor Wy remains

constant, the torque 1ls directly proportional to the rate
of turn of the airecraft.

When the spin axis of the rotor and tho turning axils
of the alrcraft are not perpendicular to each othor, Wp

is the component of the rate of turn in the planc pérponw
dicular to the rotor axis,

The instruments now in use are air-driven. Theo sources
of power arc discusscd in tho final soction of thie roport.
The rotational speced of the rotor is proportional to the
volume flow of air through the instrument. The suction
across the insbtrument, which is usually held consbtant, is
to & first approximatlion proportional to the product of
the air dengity and the square of the volume ailr flow.
Thus, for & constant suction, it follows that the rotor
speed varies with altitude and therefore that the sensi-
tivity of the instrument in moasuring rate of turn is vari-
able,.

& turnmetor, in contrast to a turn indicator, may be
defined as an instrument which indicates reliably the rate
of turn. A turn indicator bocomes a turametor for all
practical purposes if the spoed of rotation of the rotor
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is maintained constant. In an air-~driven instrument this
is obtained by maintaining a constant volume air flow (not
necessarily constant suction) through the instruncant.
Siuple means for controlling theo air flow in aireraft are
not available although some development work on devices
integral with the turnmeter is in progress, For this rea-
son divect=current electrically driven rotors have been
usually used in turnmeters. ' The rotor speed is determinecd
by the voltage, which is easily controlled. Up to the
bresent, turnmeters have been usod in this country only in
flight rosearch (reference 9). '

Degcription.~ A diagram of a Pioneer tura indicator
which differs only in minor details from the latest typos,
is shown in figure 1, The rotor W is mounted in gimdbal
G which is free to rotate or "precess" about the fore-
and-aft axis 4A,4,., Digk D is attached to the gimbal.

The precessional torque of ‘the gimbal and wheel assembly
1s balanced by spring S througk lever I connected by
pin B .-to the disk D. TPhe motior is damped by means of
the dash~pot assemdly C, +the piston of which ls attached
to L by lever PL., Precessional motion is communicated
from the disk D to the pointer P by means of a pin E
and a fork F which is attached to the pointer shaft. In
order %o.pernit variation of the sensitivity, an adjust-
nent is provided for varying the tension of the spring by
moving the fixod end in or out. This motlon causes no
zoro shift because the axils of the spring passes. through
the axis 4,A; of the gimbal., The danping is adjusted

by varying the size of the orifice controlling the alr
flow into and out of the dash pot. The air supply for
driving the gyroscope wheel is drawn in through a fine-
mesh screen at N; and out at Nz, The rudbber stop R
serves to abgsorb the shock of excessive rates of precos-~
sion, '

Ags shown in figure 2, the turn indicator is usually
comblined with a rolling ball bank indicator. The glass
ball, 7/16 inch in diameter, now used, has less dcfloc—
tion due to airplane vibration than tho steel ball previ-
cusly used. i

The diameter of the dial i1s 2-3/4 inches. The woilght
of the combined turn-and-bank indicetor is 1.3 vpounds.

The turn indicator is designed to operate on a suc—
tion of about 2 inches of mercury.
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Laboratory test agparatus.~ The essential parts of the
apparatus used at the National Bureav of Standards for ob-
taining specified rates of turn are shown in filgure 3. The
turntable TT is driven by an electric motor through sult-
able reduction gearing. An adjustadble sveed direci-current
motor ig prerecrably used for controlling the rates of turn
although test equipment is available commercially in whiech
the motor speed is constant and a number of rates of turn
are obtained by suitable gear shifts. The turn indicator
T, mounted on the turatable, is connected to & vacuum
pump by rubber itudving which, as shown, is of & length suf-
ficient to vpermlt rotation of the turntable without inter-
foring with tke air supply. 4 U-tube water manometer, or
more convenlently a differential pressure gaze, is used to.
measure the suegtion across the turn indicator. The rate of
turn is determined by noting the time regulred for the turn-
table, sultadbly graduated in degroes of are, to rotate a
definite amount.

When determining the effect of temperatuwre the appara-
tus is instsalled in a chamber, as indicated in figure 3,
with the motor and gear-box assembly installed outaide.
Precautions must be taken to prevent condenzation of water
vapor in the instruments at low temperature. Cheesecloth
of large area over the air inlet of the insbtruments will
¥eep ouwt any snow that may form,

Tosts and performance.- Ordinarily the turn indicator
1s used only %o indicate deviations from flight in a
straight line rather thar the actual rate of turn. For
this use it is important that the pointer dbe exactly on
the zero mark at zero rate of turn. In the laboratory the
behavior in this respect is determined by observing the in-
gstrument when it is held in the normal dial-vertical,
pointer—vertical position with the rotor onerated by a suce
tion o; .2 inches of mercury. e

The pointer should stand at the zero mark when the
rotor is not running. In a new instrument a zero indica-
tion shows that the mochanien is in static balance.

In the test for sensitivity, the instrument is in-
stalled in the diasl-vertical, pointer-vertical position on
the turntable described adbove and is operated under a suc-
tion of 2 inches of mercury. The turn indicator is sub-
jected to rates of turn about & vertical axis of 36°, 3607,
and 1,080°% per minute at an atmospheric pressure of 760
nillineters of mercury and temperature of 20° C. Different
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deflections of the tip of the pointer for these rates of
turn are deslred by the Army, Navy, and the air lines, and
perhaps should vary with the type of airplane. One organ-—
ization specifies this deflection to be, respoctively, 1/16,
1/2, and 1 inch, with a tolerance of about 15 percent: An-
other specifies a deflection about 40 percoent lower. Tho
songitivity, or deflection for a glven rate of turn, in-
creases with incroase in the impressed suction ~t cone-
stant atmospheric pressure, and increcases with increase in
altitude when the suction is held constant. 4s previously
stated, the sonsitivity of individual ingtruments is ad-
Justable to meet the requirements in the various types of
airplancg.

The performance at -low temperature depends primarily
upor the pour point of the lubricant used. Mineral oils
which have a sufficiently lowy pour point will give a sat-
lsfactory porformance at ~35°% C., but will evaporate at
high summer temperature. Synthetic lubricants of low-va-
por pressure offer somo pronise for insteuments which aro
subjected to a wido range of temporature. In tosts at—
~35° 0., instruments with low pour-point ludricant have a
pointer defloction of about 3/8 inch when subjected to a
turn of-360° a minute, compared with 1/2 inch at room ten-
verature, ' :

The danping is measured by suddeanly stopping a turn
of 1,080° per minute and observing the subsequent pointer
osclllations on each side of mero. The danping is consid-
ered insufficient if the pointer in coning to rest has
after its first crossing a doflection beyond the zero park
oxcoeding 1/4 inch or after its second crossing 3/64 of an
inch. It should be noted that unless the turntadble 1s pos~
itively stopped, the return of the rotor to the axis-hori-
zontal position imparts a torgque to the turntable tending
to causeg the rotation of the table to continue. The effect
of this ig a slower return of the pointer %o gzerc, with a
resultant grror in the determination of the damping.

Except for increased wear in the Dearings, vibration
such as is experienced on an instrument board does not ap-
pear to affect the performance of the turan indicator. In
laboratory tests for vidration the instrument is subjocted
to a circular motion 1/32_inch in diameter in a plane in-
clined 45° to the horilzontal plane and with freguencios
from 1,000 to 2,500 cycles per minute. 4 doscription of
the apparatus is given in referencs 16. Satisfactory in-
strumonts will withstand this standard vidration for 50
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hours without substantial change in the pointer sensitive
ity. During the test the instrument is mounted in i%s -
normal operating posltion and is operated under a suction
of 2 inches of mercury. 4 tost in which fthe instrunment
would Dbe subjocted sinmultaneously to vibration and to a
continuously varying rate of turn would probably be more
significant. L
Tho instrument 1s testod for durabillity and effect of
excessive suctlion by operating 1t on a suction of 10 inches
of mercury for & poriocd of 1/2 hour while stationary in tho
normal operating position. The position of the pointer for
gzero rate of turn, with or without a suction of 2 inches
of morcury applied, should ropain unchenged.

The suction to start the rotor should not exceod 5
inches of water. The free alr flow throuzh tho present in-
gstrunent at a suction of 2 inches of nercury with sea-level
oxternal prossure is 0.6 cubic foot per minuto.

For all practical purposes the tine lag in the pointer
notion of gyroscopic turn indicators is negligibdble. |

DIREGTIONAL GYRO

Principls_of the instrunmenit.-~ In straight flight and
in qulet air the nmagnetic compass is normally reliahle as
a direction indicator. Then the airplanc oxecutes a na-
neuver, or when the air is bumpy, the conpasgss. card may be
expected in gencral to depart from its proper orientation
or in the extreme case to spin. The conbined offect of
the vertical conponent of the earth's magnetic field add
of accelerations on the pendulous card causes the error.

The Sperry directional gyro, uwsed inm conjunction with
the negnetic compass, provides a directional reference con=
paratively unaffected by naneuvers of the airplane. The
ingtrument is essentially a neutral or free gyroscope with
.three dogrees of freedon. The rotor is horizontal in or—

- der %o give the necessary reference in azlnuth.

The directional gyro is not in itself north—seecking.
It nust be set to correspond to the conpass heading or fo
tho deslired heading as deternined with the conpass or other
known reference, and nust be reset nore or less often %o
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correct for a slow and, up to the present time, unavoida-
ble precession in azimuth.

. Description.- The mechanism of the Sperry directional
gyro is shown in figure 4 and a photograph of the instru-
ment in figure 5. The rotor W 1is air~driven adbout a
horizontal axis, The air, drawn into the case through the
bearing B and throuegh the tube J, impinges on steps
cut into the periphery of the rotor. On aircrafi, reduced
Pressurce within the case is malntained usually by a vocuunm

pump but occasionally by & venturi tubde.

The rotor is mounted in the first gimbal PG, which
lg free to turn about & horizontal axis HH,. Tho second

gimbal SG 1s free to turn on a vertical axls adbout tho
rivot: P and the bearing at B, which are fixed to the
ingtrunent coase.

As seen in figure 5, a compass card and a lubdber line
are viewsd through o window in the face of the instrument.
The graduations are in 19 intervals. Tho card, attached %o
gimbal SG (fig. 4), moy be set %o a desired heading, with
an over~all limit of accuracy of about 1°, by means of an
adjusting knob. X which projects uhrough the front of the
instrument. To make the adjustment, the knob 1s pushed in,
depressing the outer ond of the lever I, theredby raising
the collar O©., The arm 4, raised by the eollar €, on-
gages the first gimbal PG at E and noves the axis of
the rotor to horizontal. The gear on the knob X 1is now
in mesh with the gear ring R which is fastened to the
second gimbal SG, The entire mechanisn may be rotated
until the desired reading on tht card is opposite the lub-
ber line. The knob is then withdrawn, freoing the rotor
and glmbals,

4 corrccting torque can be applied by adjusting tho
nut on screw . BA when the precession in azimuth is exces-
sive. :

The instrunent is constructed so that it may be in-
clined 60° from the normal in any direction, pltch or hank,
When the inclination 1s in oxcess of 602 about an axis per-—
pepdicular fto the rotor axis, the gimbal system neots stopse,
upsetting the gyroscope and making the indication worthless
until the instrument has been rasat.

The weilght of the 1nstrumont ig 3.6 pounds. In size
it i1s approximately a 4i-inch cube.

Y
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Instruments are constructed either with or without a
bank indicator similar to0o that of the turn-~and-bank indi-~
cator.

PRECESSION

Goneoral discussion.~ The rotor axis of a perfeoctly

balanced freoc gyroscope, not subject to extrancous torques,

would remain in a fixed diresction in space with reference
to tho fixed stars.

It is impossible to eliminate entirely prececssions
dueo to extraneous torques. The procession caused by a
torque about an axis porpendicular to the spin axis will
be about an axis perpendicular to both the spin axig and
the torque axis. The angular rate of precession P 1is
I o e
P-erlr- - (2)

where L 1s the torque causing the pr306331on, W is
the angular rate of rotation about the spin axis, and Ir
1s the polar moment of inertila about the spin axls.

To obtain a precession in azimuth, about axis PB
(fig. 4), a component of a torgue must act about axis- HH,
on inner gimbal FG. Do T

Agsume a torque applied to the inner gimbal FG oadboul
the axis HE,, in a clockwise direction as observed when
looking along the axis from E %o H,., With the rotor
turning in the direction shown in figure 4, the torque
-ecauses the rotor to precess adbout the axis PB in a clock-
wige direction as seen from above.  The axlis of precession
is porpendicular to both the rotor axis and the axis of the
+torque, If the axis of the torgue doos not lie ir a plane
perpendicular to the spin axis of the rotor, only the com—
ponent of the torque permpendicular to the axis of the ro-
tor is effective in causing precession.

Causes of nrocoggion in aginuth,- CGauses of the pre-—
cegsion which glves rise to erroneous indication of the
coursge are as Tollows:

(a) Small eccentricities in the direction of the air
Jet striking the rotor may give rise to a torgue about
axig HH,, thereby causing a drift, )

W
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(b) Unbalance of the rotor gimbal (FG in fig. 4).

(¢) Friction in the bearings of the rotor gimbal (FG)
during relative rotation of gimbals FG and 8G. This ro-
tation oceéurs during pitching of-the aircraft when the rotor
axis is in the fore-and-aft position, and during roll when
the rotor axis is in the lateral posltion.

(d) The earth'!s rotation (avparent precession).

Of the above sources of precession only (d) can be
considered quantitativelv gince mosgst of the other scurces
are indeterminate. A free gyroscape such as the direction-
al gyro should maintain, theoretically, the direction of
its rotor axis fixed in space with respect to the fixed
stars., It follows therefore that the angle between the ro-
tor axis and a given direction on the carth'!s surface var-—
ies with time, at a definite rate depending upon the lati-
tude and orientation of the axis. No torque is imposed
Primarily as a result of the sarthls rotation.,

In considering the effect of the earth's rotation the
airplane will be assumed stationary since the effect of the
motion of the airplane is usually much smaller than that of
the earth'!s rotation., If it is desired %0 include the mo=
tion of the airplane it is necessary to use, instoad of the
earth's rate of rotation, the true angular motion in space
along the parallel of latitude.

Instruments are now congstructed so that the axls of
the rotor is in the meridian, or very nearly so, whea the
ingtrument is set with the card indicating the true heading
of the ailrplane. This rotor position will be assumed Iinl-
tlally in considering the effect of the earthl!s rotation.

At the equator the rotor axis remains in the neridian
since both the rotor and meridian are parallel to the oarth's
axis, No change in indication with time occurs.

At the North or South Pole, the rotor axis changes in
azinuth at the same rate as the angular rate of rotation
of the earth. That 1s, the rotor axis is obgserved to ro-
tate about axis PB (fig. 4), at-a rate of 0.,25° per minute.
The reading of the rard of the directional gyro decreases
at the North Pole and increases at the South Pole.

At latitudes between the equator and pole, the rotor
axis tends to change direction with respect to & mnerildian
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in both azimuth and pitech - that is, about both axes PB
and EH,, The change in azinuth o or change in indi-

cated course is given by the expression
a = E sin A (3)

wvhere E is the angular rotation of the earth in the tine
subsequent to resetting the directional gyro (0. 25° per
ninute) and A is the latltude. The rates of change in
reading are 0°, 0.125°, 0.18°, and 0.215° per mlnute, ro-
spectively, at latitudes o° 30°, 45°, and 60°

As will be brought out later, the effect of the earthls
rotation is, on the whole, quite small in contrast %o the
precession due to other causes and from the practical stan&- -
point can be negle cted. - e

1callv poss:ble to provide a torque due %o unbalance in the
gimbal system which will introduce a preccession compengat-
ing the drift in indication caused by constant extraneous
torques and by the earthl!s rotation at one specified lati-
tude., In practice this is accomplished by adjusting the
unbalanced weight .BA (fig. 4) until the observed preces~
slon at the approximate latitude at which the instrument is
to be used is roduced to the lowest posgsidle amount.,

It may be of intorest to calculate the torque regquireod
to cause & procession in azimuth which is Jjust sufficient
to counterbalance the change in reading Whidh occurs duec to

the carthl!s rotation at a latitude of 45° It can bo shown
that

L =P W, Ip (4)

where L 1is the balancing torque; P 1s the rate of pre-
cession duc to the earth's rotation aboubt the azimuth
axis, that is, the rate of change of « in sgudtion (3);
and W, and I, are, respectively, the angular volocity
and Dolar moment of inertia of the rotor. The value of

I. for the gyroscopc rotor 1is approximatoly 0.23. pounds
inches® The torgue _L equalsg 0.004 pound inch when P

is 0.180 per minute (at a latitude 45°) and the rotor
speed is 12,000 r.p.m. :

£ilt of the rotor axig.-~ & torque, or component of a
torque, about the wvertical axis PB causses a tilt of the
rotor axis, that is, precession about axisg HH,, figure 4,
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Causes of thig tilt of the rotor are produced ag fol~-

l-.-l
Q
g
w
20

(a) Priction in the bearings of the wvertical gimbal
(PB, fig. 4). The tilt occurs during turning or yaving of
the aircrarft,

(b) The earth!

Assuming the .axis of the rotor initially in the morid-

ian and horizontal, the tilt of the rotor axis duec to the
sarth!s rotation is given by the relation:

sin T = sin 2\ sin® E/2 _ (5)

in which T 1is the tilt in degrees; A iz the latitude;
and E is the angle through which the earth rotates sub-
sequent to rosetting the instrument (0.25° per minute).

It is seen that there is no tilt at the egquator (A =
0) or at the poles (A = 90°), Betwoen latitudes 30° %o
60°, the tilt is less than 1° in one hour (corrgosponding to
a rotation of the earth of 15°) and less than 4° in two
hours (aftor a rotation of 30°).

Compensgation for $ilt.~ It will be noticed in figurc
4 that the rotor axis tilts indeposndently of the eir-supply
tubo. When the rotor axis tilts, the air Jot strikes the
rotor at an anglo, causing a torque abeut a vertlcal axis
(PB, fig. 4) and giving rise to a precession which tends
to return the rotor axis to allinement with the supply tube.
This torque 1s sufficient ordinarily to naintain the rotor
axis practically horizontal in level flight,

Performance of the Direotlonal Gyro

Test apparatug.~ To determine the effect of auwction,
air denslity, and temperature upon the rotor speed, the
directlional gyro and necessary apparatus were set up in a
low~pressure chanber ag shown in filgure 6. The temperature
could be controlled in the range ~20° to +50° C, The rotox
speed and alr flow wero mneasured under various condltions
of temporgture, alr pressure, and suction across the in-
gtrunent. The speed of the rotor was neasured by means of
a gtroboscope.

In the acceptance testing of the directional gyro it 1s
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the practice to measure the precession in azimuth, here-

after called the drift, under verious conditions of temper—

ature, vibration, and inclination.. The drift of the card
is meagured at present while the instrument is subocted
to & combined pitch, roll, and yaw motion having an ampli-
tude of 1.5° and a frequency of 10 per minute. "This motion
approximates the oscillatlions of the airplane in flight,’
theredby giving a test approximating servlico conditions.
The apparatus producing this motion, called a "scorsby,"
wa.s developed by the Sperry Gyroscope Company. Figure 7
is a photograph of the apparatus, including a dry-ice tem-
perature chamber which has been mounted on the Trocking .
table, o .

It is algo of interest to obtain the drift when the
instrument is subjected to a low-amplitude vibration. One
having a frequency of about 1,800 c.p.m. and amplitude »
tween 0.002 and 0,004 inch is considered reasonably repre-
sentative. Thig vibration is available from the standard
vibration board used in teosting aircraft instruments (ref-
eronce 10) or from a spring-mounted board vibrated by a ro-
tating wolight mounted eccentrically upon a shaft, ) R

Chambers for controlling the temperature of aircraft
instruments have been previously described (reference 10).
The use of solid carbon dioxide (dry ice) as a refrigerant
is quite convenient and ig probadbly preferable in cases
where other means of securing low temperature are not al-
ready installed. A desirable detail in temperature chambers
of this type is a set of shutters between the compartment
containing the dry ice and the rest of the chamber. Iluch
closer temperature control can be obtained by adjusting
the shutters than by varying only the speed of the ventl-
lating fan above the dry ice. T

At low temperature the arrangement for the air flow
nust be such that (&) no moisture condenses within the
instrument, (b) no oil wvapor from the vacuum pump enters
the instrument and (c) the tenmperature within the test
chamber does not change,

If the vacuum punp operates at low temperatures it

can be cooled either with the instruments or in a separats
temperature chanber, whichever is more feasible. The ailr
flow is then arranged so that air entetrs the instrument,
goes through the pump, and then is piped back into the in-
strument temperature chamber. 4&n oil itrap and perhaps a
drier are required in the return line, This procedure ig
substantially that followed by the Sperry Gyroscope Company.
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In the airrangenent at present used at the National
Bureau of Standards, the air enters the instrument fronm the
tenperature chamber, goes tarough the vacuum punp, and then
is discharged outside the building. The alr thus removed
from the temperature chamber is replaced by & dlaphragnm
pump which supplies alr free from oil vapor. The alr fron
the pump passes through a drier, then ig cooled below tho
chamber tenperature in a coil cooled by solid cardor d4lox-
ide in alcohol. The moisture content is then such thav
condensgation will not occur at the chanber temperature. It
is usually desiradle to shield tho instrument inlet with
choesecloth to filter out snow which may possidbly form in
the tenmperature chamber. .

If the air flow is to be measured at low tenmperature,
an orifice-type flowmeter or the common type gas meter may
be used. The gas neter must be operated at approximately
roon temperature., This condition can be sscursd by rune
ning a long line of copper tudbing outside of the.tempera-
ture chamber between the exit port of the instrunent and
the gas meter. The tenperature and prossuro of the air
passing through the gas nmeter nust be neasured so that the
air flow can be couputed in terms of that at the desirod
density.

When solid carbon dioxide is used as the refrigerant,
the arrangenent is usuwally such that the carbon dioxide
nixes with the air flowing through the instrument. If &
conghtant suction across the instrument is maintained, the
speed of the rotor of the instrumeont will decresaso with in-
ecrease in the carbon-dioxide concentration, as may be socen
from the following approxinate relation?

L [0 )

Re Pa Se
in which R ig the rotor speed, P 1s the gas densliy,
and S 1ig the suction. The subscripts a and ¢ refer,
respectively, to the quantitios whon the ilnstrument isg
driven by air and by an air carbon-dioxide nixture. Using
100 percent carbon dioxide, the rotor speed is 8L percont
of the speed for air. To maintain constant rotor specd
usging 100 percont cardbon dioxideo, the suction nust be 1.53
times that when wusing air. It appears essential either to
prevent carbon dloxide from mixing with the air flowing
through the instrument or to maintain constant volume gas
flow through the instrument since, as will be shown later,
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the rotor speed is proportional to the wvolume gas flow,
independent of gas density.

Effect of air flow, suction, and alr dengity upon
rotor gpeced.—- The rotor speecd of the directional gyro at
various suctions and altitudes is shown in the upper part
of Tigure 8. In figure 9 the rotor specd against air flow
in terms of the volume at the pressure and temperature of
tho alr at outlet of the ingtrumont is shown for two in-
strumonts.

The regults shown are typical of those obtained on
othor lnstruments in good adjustment. Those results, 0~
tained in 1932, in general agree with thoso reported by
Spilhaus (roforonce 11).

The following conclusions can be dreawn from tho data
obtained when the instrument was at room temperature (+22°
to B1° C.).

() At a given imposed suction the rotor specd in-
croases with altitudeo arnd is inveorsely proportional to the
square root of the alr densityr.

(b) The relation between the volume air flow and ro-
tor speed 1s linear and is independent of the air density
(or altitude). It follows that

R =K, F (7)
where R ig the rotor speed
F, the volume air flow
and X,, constant

The alr flow through the instrument is approximately equiv-
alent to that through an orifice. Thersefore,

Ap = Kz p V2 = X5 p F2 L (8)

where + Ap is the suction across the ingtrument
P, the air density
v, the mean volocity of the air

and Xz and K5, constants
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Substituting the valus of the air flow F from cquation
(?7) into equation (8),

R =X é—P- (9)
P .

The data shown in figure 8 for insgtrument No. 287 vorify
equation (9),.

It is the present practice on aircraft to maintain a
constant suction across the directional gyro with the
valve described lator., From (a) and (b) above it ig evi-
dent that a constant rotor speecd would be naintained if
the volume air flow wore held constant. This fact has been
gonorally known for soms time but no convenient means has
beon developed to measure, or automatically regulate, air
flow in flight. The maintonance of constant speod 1ls por-
haps not cssoential sinco the excess spoed obtained is prob-
ably not detrimontal to the mechaniegn and does not natori-
ally affoct tho drift of the card. Decrsase in instrument
tonperature as the altitude ig incroasocd tends to reoduce
the rotor spoed, partly compensating for tho increaso in
rotor spveed with reduced density. -

Normal operating suction and .air flow.~ A differen-
tial pressure across the instrument (suction) of 3% inches
of mercury is generally accepted as the standard value.

At this suction, as may be seen from figures 8 and 9, the

air flow is approximately 1.3 cubic feet per minute meas-
ured at an air temperature of 20° C. and at a pressure of
26+5 incheg of nercury. Instruments constructed in 1937

have an air flow of 1 to 1.3 cubic foet per minute.

Effect of ipstrunment temperature on rotor speed.- It
is scon in figure 8 (instrument o, 759) that at a glvon
suction the rotaer specd decreages asg tho temporaturo of the
instrument decreasos., Thig is apparently dus to a slight
increasc in friction, '

In carly mnodels of the instrunent the tomporature ef-
fect was large, due to a diffcrential contraction which
caused the rotor axle to be squeezcd betweon the boarings.
A gpring mounting eliminated this effect,

The variation of the alr flow rotor speed with lanstru~
ment temperature is shown in figuro 9 {(instrumont No, 563),
Tho sane straight line fits the date at ingtrunent tempora-
tures down to +5° ¢, t «5,5° C, a linear rolation sbill
holds but the line has shifted upward.

LY
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on the performance of the directional gyro are principally
of interest to the designer. Mo the pilot of the ailrcraft
the chief interest is in the drift of the card under vari-
ous conditions of use., The most importart fector affecting
the drift appears to be vibration. It is believed at the
Present time that 0.012 inch ig the maximum double ampli-
tude of standard circular vibration which the instrument
should be expected to withsbtand. This is probadbly the lim-
iting amplitude for other types of vibration although no
test data are available on this point. It is considered
essential, however, tha%t the instrument be subjected to a
slight vibration - say, one with a double amplitude of
0.002 inch to 0.004 inch, in order to obtain a minimum
drift. This drift is believed to be further reduced if
the instrument is subjocted to an irregular roll, pitch,
and yaw motion of small amplitude, such as that of an air-
plane in reasonably straight flight, These conclusions
are founded upon laboratory and flight experience dut are
very difflcult to prove by a series of tests on a few in-
struments or by referenco to a limited amount of data, be-
cause of the erratic manner in which the directional gyro
drifte. : ' A

An investigation was made at the National Bureau of
Standards in 1934 on instruments then avaeilable, in which
the drift for 30 to 40 minutes was measured at eight head-
ings at intervals during the course of endurance runs lagh-
ing as long as 255 hours. For the greater part of the
time during the endurance runs, two instruments were vi-
brated and three were not vibrated. The freqidicy of vi-
bration was 1,800 c.p.m. and the diamcter of the circular
vibration was 0,012 inch. The drift measurements &t inter-
vals were made with no vibration imposed and with circular
vibration either 0,002 or 0,012 inch in diaometer. The
driving suction was 4 inches of mercury. During the tests
the instrument temperaturs was approximately +20° C, and
the atmospheric pressure, 29.5 inches of mercury. The re-
sults may be summarized ag follows: '

(a) The drift was erratic to & high degree, varying
from test %o test at a2 glven heading -and from heading to
heading for o given instrument. The drift might be zero
in one test and then be 4° or 5° in 20 minutos in & later
testo

(b) No marked difference in the drift was observed
between tests with and without vibration.
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(¢) ©No decided increase in the drift was observed
during the endurance runs.

(d) Vibvration with a double amplitude of 0.01l2 inch
apparently caused no deleterious effects. .

No observations were made on the.effect of air density
(altitude) on the drift. There appears to be no reason
for any slgniflcecant sffect.

Drift testy are now made on a scorsby set to gilvo &
roll, pitch, and yaw motion having a frequency of 10 per
minute and double amplitude of 3°. This motion simulates
conditionsg in an ailrplane which it is believed, with con~
slderable reason, reduce the friction in the ilnsbtrument
bearings and thus tend %o make the drift less erratic.
Results obtained on three satisfactory 1937 directional
gyrog are presented in table I,

Drift tests are also made when the instruments are
vibrated at a frequency of about 1,800 c.p.m, and at a
double amplitude in the 45° plane of 0,003 inch. The ro-
sults on three instruments are given in tadle I.

Effect of temperature on the drifi.~ The drift when
the directional gyro is at a temperature of -20° C., and
subjected to fthe roll, pitch, and yaw described above, is
given for three instruments in tadle I. The drift of in-
sbrument No., 2 1s excessive at two headings. The diffi-
culty in securing satisfactory performance ig mostly due
to the difficulty of securing a ludbricant whlch functions
in the temperature range from ~20° to +50° C. Operation
at gtill lower tenmperatures emphasizes the difficulty.

The rotors start turning at an instrument tenperaturs
of -35° C, at driving suctions well under 2 inches of mer-
cury. '

Effect of rotor gpeed on drift.—~ Drift tegts were
made on two instruments duilt in 1933 at suctlons of 2, 4,
and 6 inches of mercury. The instruments wore nelther vi-
brated nor subjected to the piltch, roll, and yaw motlon,
No significant differences in the amount of the drift were
observed for the three suctlons, except that perhaps the
drift was less a2t the suction of 4 inches of mercury.

Inclination.~ The instrument &g now deslgned opeorstes
at any angle of tilt of the cagse from the vertical up o
e change of 60° from the normal position.



N.A.CiL. Techniocal Note.No., 662 21
TABLE I
Porformance of Throe :1937 Directional Gyros
Drift in degroes of &arc

Operating suection, 32 inches of mercury .

Drift in 10 minutes on scorsby at +25o C.
Original ' . B
hoading .Instrument No.

deg.
1 _ 2 } 3
lst 2d ‘lst 2d 1st 2d
tegt tegt test test test test
0 +0.7°| +0.8° +1,0 | +1.6 2,0 | =1,4
380 +lno "-8 .O ‘5’-4 ""-»-5 "‘157
270 +3,0 +3.0 -2,0 | =1.8 ~3.4- | -.4
Drift in 10 minutes on scorsby at 20° ¢,
0 ~1.5 ~1,5 +4.0 .| +2.0 ~5.0 | =4.0
90 +3,5 +3,5 ~1.0 ~1.5 ~3.0 | =2.0
180 ~1.5 +.5 9.5 ~8.,5 ~3.5 +.5
270 +4.5 +7.5 "‘4.5 "'9.0 "‘2-5 +15
!
Drift in 15 minutes at +25° C.
Vibra%ed at 1,800 c.peme, 0.003- double anplitude
0 +1,0 +0.,2 “4.0 -2,0 +2,0 | +2.2
90 "2.0 "‘ll8 "2.0 "'1.5 ""1.0 +1.0
180 +1.8 +2.3 0 +2,6 +1.,0 +.5
270 "‘218 "'3.8 +3.0 +3.2 "'2.0 "2.7

The drift with

the case and robtor axls both tilted 15°

and with the instrument subjected to a low amplitude vi-
bration differs but 1littls from the drift in the normal
overating position.

Rotor-bearing friction.~ Tests for friction of the ro=-

tor bearings are most easily made by determining the amount
of suction required to start rotation of the rotor and the

time the rotor will operate after the suction is cut off,

The suction necessary to sitart the instrument at a Penpera—
is approximately 1/8 inch of mercury.

ture of 20° C.

This

suction may increase to "2 inches of mercury at a tempera-

ture of -20° C,
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The rotor of an instrument in good operating condition
running initially at the normal operating speed, and at a
temperature of 20° ¢, will coast for more than 10 minutes
aftor the suction is cut off.

Effect on_ compass reading.- Since the directional gyro
ls ordinarily mounted gquite close to the magnetic compass,
1t is ossential that its effect on the conpass readlng be
small. Usually the effect of aircraft instruments upon

the reading of the compass is observed when the instruments
are 8 inches apart, measured from center to center. TUnder
this condition, new directional gyros will not cauge the
compassg reading to change by an amount exceeding 1 . When
the instruments are adjacent, the compass reading may be
affected by as much as 5°. The effect varies in amount
with the orlentation of the rotor with respect to the comnw
bpaseg card. It is important that the use of magnetic na-
terials be eliminated insofar as possible, since any fer-
rous parts may become nagnetized in service,

Effect of vibration.— Data collected mainly by the
Sperry Gyroscope Company indicate that jars and shocks
such as are experienced in toke-off and landing of air-
plenes affect the reliability of the instrument more seri-
ously than long-continued vidbration of the type ordinarily
exporicnced on instrument boards in flight. Bost porforn-
ance 1ls obtained by eliminating the shocks and holding the
vibration to low amplitude. TFor this reason the direc~
tional gyro is usually mounted either on an instrument
board which is vibration-insulated from the airplane or on
one of several designs of antivibration nounts. Satisfac-
tory types of flexlble suction connection for the i1lnsgtru-—
nent have been developed. : :

GYROMAGHETIC COM?ASS

The directional gyro has the primary defect of erratic
drifts in reading which appear to be unavoidable as long
as a free gyrogcope is used. J« B. Peterson of the Natlonal
Bureau of Standards, and Guido Wunschk of Askania~Werke Ak-
tiengesellschaft, independently have proposed holding the
rotor assembly fixed with rospect to tho mognotic meridian
by means of a sulitable torque controlled by a pivoted mag-
Jqetic elenment.

A schenatic drawing showing the principle of Peter-
gon's instrument, called a gyromagnetic compass, is shown
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in figure 10. The rotor R ig mounted in an airtight
housing H, except for an air inlet for drlving the rotor
and four exhaust ports at D, Dy, D;, and Dy. The two-
pivot magnetic element, the magnets of which are M, is
mounted outside of the housing H. The suction source for
driving the rotor is connected to the outer case at B.
The air enters at A, passes through the hollow gimbal G
to a nozzle from which it impinges on the rotor.

Pendulum P controls the air flowing through ports
D; and Ds4 -into the outer case from exits T, and Ta}

“‘thereby stabllizing the housing H so that the axls of
the magnetic elemernt (B and M) is mainteined in the ver-
tical plane containing the magnetic meridian. It should
be noted that stabilization of the axis in this plane isg
sufficient to prevent any effect of the earth's vertical
field, thereby eliminating northerly turning error. It
can be demonstrated that slightly inclining the axis of

a two-pivot compass away from the.vertical to the north
or to the south does not cause a change in its reading.
However, some northerly turning error remnains because the
method of stabilization is not perfactk.

Magnetic element E controls the air flowing through
ports D; and Dg, stabilizing the rotor axis in a nag-

netic east~west direction, and giving the reference direc-—
tion for détermining the heading of the aircraft. = = | __

The pendulum—-controlled and nagnetic—controlled alr
Jets both exert comparatively weak torques, causing the
gyroscopic axes to follow slowly. Thus, short—-time oscil-
lationg of the pendulum due to horizontal accelerations
and short-tine ascillations of the magnetic element due to
vibration do not deflect the gyroscopic axis apprecliadbly
from its average orientation.

The card ©, seen through window W, 1s attached to
ginbal G. It is read with reference to lubber line I
which is attached to the case of the instrunent. In flight
it is obvious that the lubber line turns with the airplane,
while the card holds a position fixed relative to the nag-
netic neridian.

Development of this instrument has been undertgken_by
the Sperry Gyroscope Company. An experinmental nodel is
shown in figure 11. Anong the design problems which had to
be solved was the necessity for eliminating to the utnost
all magnetic neterials in the instrument in order %o obtain
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satlisfactory performance of—the control nagasts. Chiefly,
this meant finding a substitute for ball rearings, and the
provlem wasg solved by the use of alr boearings for the gim-
bals and plain bearings for the rotor.

Vivration and shock ebsorption is provided integral
with the insbtrument. This consists essentially of rubber
acting in shear. Individual lighting is provided. In
this latest model the suction reguirement has been reducod
to 4 inches of mercury, &t which the alr flow is 2 cudbic
feet per minute at gea level. At this suction the rotor
speed at sea level is approximately 12,000 r.p.m., Provi-
sion is made for setting rotor unit so that the proper.
heading is approximately indicated, thus reducing the time
before reliabdle readings are obtalned.

A compensator, similar to that used in other magnetic
compasses, is provided to neutralize the effect of the &lse-
turbing magnetic field produced by the magnetic materials
in the airplane. The componsator is buillt into the lower
section of the instrument case and is adjustable from the
front as shown in figure 11, OConpeasating the installed
gyromaanetic compass hasg proved to be a much slower proc=—

ss than with o nmagnetic compass,. due to the necesslty of
wulting until the magnotic elemenit has broueht the rotor
and card unit to an equilibrium position following each ad-
Justnent aof the compensator., 4As a siuplificetion of the
procedure, J. B. Peterson mroposesg if practicable in the
final design that a magnetic card compass with the compen-
sator from the gyromagnetic compass be installed in the
alrplane. The compensator can then be set much more easi-
ly. For tho compensation to be eguivalent, it is essen-
tial that the compass magnets and.compensator be in exactly
the same relative position as the gyronagnetic compass nag-
nets and compensator, arnd that the point of imstallation
be identical for the two units. After the conmpensation
has been completed the gyroragnetic compass and the compeon-—
gator are installed without digturding the adgustment of
the conpenzator.

GYROSCOPIC HORIZON

The Sverry gyroscopic horizon ig a gyroscope wlth
three degrees of freedom and with nmeans for producing a
righting torque when the axis of the rotor deviates from
the vertical, The righting torgue is produced by air Jets

controlled by pendulously operated wvalves. In offect, tho
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instrument under the action of the-alr jets behaves like a
long—=period highly damped pendulum. This nethed of pro-
ducing the righting torque has - -the distinct advantage of
bringing the rotor axis to the vertical in a direct stralght
path, in distinction to the spiral path which would be fol-
lowed i1f the rotor unit itself were pendulously suspended.

Degcription _ Coe o

A disgramnatic view of the gyroscopic horizon. is ..
shown in figure 12 and a photograph in figure 13. The ro-
tor axis is vertical, The rotor unit is mounted in hous-
"ing OC. The air operating the rotor entors at E, passes
into the housing at the gimbal, and leaves at the four
ports V. The housing is free to turn about a lateral
axis, one pivot of which is shown at L, and about a - .
fore-and-~aft axis through the gimbal which is pivoted at
B, and B, figure 12, '

. The orientation of the aircraft relative to the rotor
axis is indicated. If the airplans banks or rolls, the
external instrument case tilts with reference. to gimbal G,
to which is attached pointer P. The position of P rel-
ative to scale LS is the indication. The bar H, plvot-
ed to gimbal G at A, also indicates the tilt. '

If the airplans pitches or otherwise changes its
fore—and~aft position with reference to the horizontal
plane, the case %tilts on axis L, and bar H 1is rotated
about axis A by pin R which is attached to rotor hous~
ing O. The position of bar E relative fto an index on
the case in the form of a small airplane (fig. 13) indi-
cates the anount of the fore—and-aft tilt of .the airplane.

Pendulous gates W control the air flow from the
ports V,. In the normal position of the rotor unit, the
f?ur ports arc half opon if thore is no acceleration of
the ailrplanse, If the rotor axis is tilted and the gates
hang vertically, the jet reaction causes a torgue in such
& direction as to right the rotor unit. For example, asg-
sune that the rotor-unit axis is tilted about a lateral
axis in a clockwise direction. The port V, +visible in

figure 12, 1s closed by its gate dut the corroéponding'
port on the opposite side (no% visible) opens fully. The
resulting counterclockwise torque on unit © about axis
L rights the rotor unit. The torque disappears when the
vports on opposite sides are egqually open,
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It is obvious that when an acceleration with a hori-
zontal componont acts, the gates or flippers will deviate
from the vertical, closing to some degree onac or more ports.
Tho torque so produced will tend to deflect the rotor unit
from the vertical and thus produce an erroneous indication.
The saving factor is the glow rats at which the torque proe
duced by the air jet rotates unit © as compared to the
time required for an airplane to sxecute an ordinary maneu-
ver such as a turn. The maximum rate of precession of the
rotor unit produced by the air jets is of the order of 1°
in 6 seconds. The maximum error in indication occurs in =a
turn of 180°., 4 theoretical treatment of the performance
in a steady turn is given in reference 12,

One type of modern gyroscoplc horizon is equipped with
a caging device as indicated in figure 13, This permits
the rotor to be caged during maneuvers and reset when the
rotor axils is off the vertical.

The instrument indicates over the rangs of +60° of
forewand-aft inclination and £90° of lateral inclination.

The indication in pitch for level flight changes as
the angle of attack of the airplane changes, which occurs
with alteration in air specd or total woight. In some
types of gyroscopic horizon provision is made for adjust-
ing the position of the miniature airplane (fig. 13), the
center of the bar indicating pitch.

The weight of the instrument is 4-1/4 pounds. It is
roughly a cylinder 6 inches deep and 4-~3/4 inches in di-
ameter,

Performance of the Gyroscopic Horizon

- The test apparatus for the gyroscepic horizon is the
same as that described for the directional gyro.

Effect of air flow. air density. and suction upon
rotor speed.~ The variation of- the rotor speed with suc-—
tion is shown in figure 14 for sea level and for 27,000
feets The relation between rotor speed and volume air
flow measured at the outlet of-the gyroscoplc horizon is

presented in figure 15, :

It will bo noted that rotor speed is not directly
proportional to the volume air flow, whereas a linsar ro-
lationship was found for the directional gyro. This dif-
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"ference in performance 'is probadly dus to the 4iff
design, the rotor unit of the horigon being nuch more close~-
ly housed. The air-flow characteristics of the horigon
differ much more from those of an orifice than do those of
the directional gyro.

The relation at roonm temperature between the suction
S, +the rotor speed R, and the air density p at the
air entrance to the horizon appears to have the following
forn on the basis of the limited data given in Ffigurec 14:

/S =%, R, /p +,/S¢

L1so the following approximate relation between the
suction S, +the wvolume air flow ¥, and the alr density
P, which holds at suctions above 1.5 inches of mercury
ls obtained from the date shown in figures 14 and 15:

(10)

S =Ky p F2+ 5, (11)

In the above equations XK,, Xz, So, and S,' are con-
stants.

Equations (10) and (11) can be combined by eliminating
S so as to obtain the rotor speed R as a function of the
alr flow and the air density, but the. practical value of
the result is doubtful.

It has beconmo the general practice to keep suction
constant by means of the automatic regulating valve used
&lso for the directional gyro and the turn indicator.
When so regulated the rotor speed increases with increase
in altitude, but the increase in rotor speed is partially
canceled by any reduction of instrument temperature which
may occur.,

The gyroscopic horizon is normally operated on a suc-
tion of 3.5 inches of mercury, at which suction the air
flow at sea level is about 2 cubic feet por minute meas-
ured at the outlet of the instrument., Unless othorwise
stated the performance data given below were obtained with
tho normal suction imposed. :

Effeoct of temperature on rotor speed.-~ The variation
of the rotor speed with temperature at zero altitude is
shown in figure 14, The falling off in rotor speed with
roduction in ‘temperature appears to be somewhat greater at
higher altitude (reference 11).
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in indication of pitch and bank is observed at room tem-
perature (+20° C.) when (&) the gyroscopic horizon is
subjected for 10 minutes om the gcorsdby to a combined roll,
piteh, and yaw with an amplitude of.l.5° and frequency of,
10 per minute, and (b) when it is subjected for 5 minutes
to a circular vibration having & frequency of 1,800 CuePuMe,
and a diameter of 0,003 inch. TUnder those conditions the
error of satisfactory instruments does not exceed 1° in
either bank or pitch.

The rate of precession is determined by inclining the
caged instrument 30° in bank or pitch, uncaging the rotor
unit, and then righting the case to the normal position,
The gyroscoplc horizon then indicates a bank or pitch of
%0°, but under the action of the righting torque the read-
ing starts to change to the proper indication of gzoro,

The time for the reading to change from 30° to 10° in bank
or pitch is normally about 140 seconds, with variations
from 110 to 160 soconds.

Low~temperature performance.— At a temporature of ~20°
6. and when operating under normal suction, the preces-
slon of the gyroscoplc horizon, when subjected for 10 min-
utes to the standard roll, pitch, and yaw motion of the
scorsby, does not exceed 1°, The operation of uncaging
the rotor causes no appreciable deviation in indication of
elther bank or pitch.

Rotor~hearing friction.- Starting friction and run-
ning friction are both of importance. They are determined
from the practical point of view by the mininum suction
necesggary to start rotation and the length of time the ro~
tor runs after the normal suction is cut off.

At an instrument temperature of —35° C., it requires
from 1.0 to 2.5 inches of mercury, with an average of 1.5
inches of mercury, to start the rotor. A4t —20° G. the ro-
tor starts turning at suctiong under 1.0 inch of mercury.
When the instrument is at room temperature, the rotor ro-
tates more than 8 minutes after the suction is cut off.

Effect on magnetic compass.- At a distance of 8 inches
from the magnotic compass, the gyroscopic horizon as de-
livered by the menufacturer causes no appreciable change
1n the readings of magnetic compasses. In vlewy of tho use
of steel in the bearings, apparently necesgsary at the pres-—
ent time, it cannot be assumed that the effoct on the mag-—
netlc compass will remain negligible under all conditions
of usge. :
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AUTOMATIC PILOT

Tho practice of maintaining straight, level flight of
transport alrplanes by automatic means is becoming general.
The automatic means, commonly called an automatic or gyro
pilot, consists in its simplest form of elements which are
sensitive to change in yaw, roll, and pitch and which are
connected to the airplans controls through sultable re-
lays. In most automatic pilots connercially available,
.control of these quantities is devendent upon gyroscopes.
Efforts to use an unstabilized magnetic compass or unsta-
bilized earth inductor compass for direction control and
pendulums for bank and pitch control, have been unsuccegs-—
ful because of inherent limitations. Ordinary accelera—
tions of the alrplane during flight cause extraneous indl-~
cations of these gravity sensitive devices.

Other automatlic controls in addition to yaw, roll,
and pitch are being found desirable by pilots. Early in
the development of the automatic pilot, altitude control
by means of a pressure-sensitive element was added to the
Pitch control. Turns and glides can be nade semiautomatic-
ally by operation of controls. The necessary adjustment
of trinm as the loadlng of the alrplane changes due to fuel
consunptlion, 1s in process of being made autonmatic.

A follow—-up mechanism is necessary to prevent over-
control which gives rise to oscillations or "hunting" of
the airplane., That is, the control surfaces of the air-
plane must be set in some manner to correct sxactly for
departures from the proper course or attitude, This set~
ting may, in theory at least, be made proportional to the
nagnitude of the departure, the velocity of deparsure, or
the acceleration of departure. The method chosen in any
particular design of automatic pilot depends mostly upon
the pritiary controlling elements chosen. In the Sperry
Pilot, herein described, deflectlion of the control fron
the neutral is direetly proportional to the magnitude of
the departure of the airplane from the set course.

Only the Sperry sutomatic pilot, which ig representa-
tive of the gyroscopie~control type, will be described.
Descriptions of the Smith (RAE) automatic pilot and the
Pollock~Brown Deviator, both utilizing gyroscopes, are
glven in references 6 and 8. R s _—

The Sperry automatic pilot depends upon the direction-
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al gyro and the gyroscopic horizon for controlling the
coursge, bank, and pitch of the airplane. Although the au-
tomatic pilot forms a single unit, for convenlience the di-
rectlonal~control unit and the bank-and pitch-control units
are degcribed separately. 4 diagrammatic drawing of the
former is shown in figure 16, and of the latter in figure
17, A view of the instrument dial is shown in figure 18,

Directional unit.~ The control gyroscope 1s essential-
ly the directional gyro previously described. Referring
.bo. flgure 16, the rotor B is mounted in horizontal gin-
bal HG which in turn is pivoted in vertical gimbal TVG.
The case O is thus free to rotate about amy axis without
disturbing the orientation of the rotor axis, The rotor
ls air-driven, air entering at A and passing to the ro-
tor through tube T, which is attached to gimbal VG. A
suction of about 4 inches of merecury is maintained in the
case of the instrument, Compass card C2 for indicating
the heading of the aircraft is attached to wvertical gimbal
VG and isg read relative to a lubber line through window
W. Means not shown in the figure are provided for caging
and setting the gimbals both to level the rotor and to ob-
tain any desired heading indicated on card C2.

Directional control is obtained from the relative po-
sitions of the nozzle plate NP and the nozzles N1 and
N2, The nozzle vlate is attached to the vertical gimbal
VG and thus has its position dotermined by the position
of the rotor axls in aziputh. Tho nozzles are assumed at
the moment to be integral with the instrument case. As
shown in section AA the nozzle plate just bisects the
nozzles. When the airplane turns, the nozzles and case
of the ingtrument also turn, bdut the nozzle plate holds
1ts orientation. Thus one nozzle is. closed and the othor
opened. As geen in figure 16, the nozzles lead through
tubing ALL and AL2 to the two sides of the diaphragn D1.
Air flows in at holes B, and enters the instrument case
at the nozzles N1 and N2 when both are open, thus maine-
taining equal pressure on the two sides of diaphragm D1,
Whon a .departure from the course occurs, one nozzlo is
cloged, whereupon the pressurc on tho side of the diaphragn
connected %o this nagzle builds up. '

The diaphragm, as it deflects under this differentilal
bPressure, moves valves Pl and P2. of the o0il valve, con-
nectlng oll under pressure with one side of the piston of
the servo cylinder and permitting the oil from the othor
side to pass into the oil surip. Tho resulting novement of
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the servo pilebton operates the rudder controls to correct
the course. The rate of oil flow, and consequontly the
rate of travol of the rudder control, is determined by
nanual adjustnent of valve SC. Extraneous oscillation of
the rudder is minimized by proper adjustnent of the rate
of 0oil flow. TWhen the rudder is %o be manually operated,
the valve CV is opened, the oill pressure on tho two
sides of the servo piston is equalized by opening valve
CV. In an emergency the pilot can override the automatic
pllot by exerting sufficient force on the rudder dar %o
open the safety valve S which equalizes the oil pressure
in the servo cylinder.

The follow-=up device consists of a mechanism by which
the nozzles N, and N; are moved as a uailt by the rudder

control or servo pistgn to the symmetrical position with
reference to the nozzle plate NP. The cable F turns
the arm Q which hag a pin projeciing into TU=bar M. The
shaft of the U-bar enters differential D. Gear G on
the outlet shaft of the differential meshes with gear GL.
The nozzle unit, which is attached to gear Gl 1is free %o
turn relative to the insgtrument caso. The position of the
nozzle unit is indicated by compass card Cl. It willl be
geen that the mechaniem keceps the deflection of the ruddor
control directly proportional to the departuro of the air-
plane from its proper course. Thus when, the airplane de-
parts from the set course, the motion of the rudder bar to
countoract the departurc is continuously controlled by the
follow~up mechanism until the heading is again on _course.
The oporation may be made clearer by noting that a depart-
ure from the course is observed on compass card G2, card
-6l still indicating.the course. 4s the controls are oper~
ated by the servo mechanism, card Cl attached to the noz
zles comes to the same reading as-card 02, and the two
cards then drift together to the ovmn-course position as
the controls operate.

The nozzle unit can be set to glve any desired head~
ing on card Cl by means of knod X, which operates gear
. Gl by means of intermediate gears G2 and G3 and the dif-
-.ferential D, The adjustment is used to set the nozzles
into alinement with the nozzle plate, as indicated by iden~
tical readings on - the two compass cards.

Turns can be made automatically by & mechanism whilch
has been developed but is not shown on flgure 16. In this
mechanism a valve controls the air gupply to an alr motor
which turns the nozzle unit in the required dirsction.
This valve must be manually operated to start and stop the
turn .,
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Pitch and bank unit.- The automatic control of pitch
and bank is similar in general design to the directional
control. The gyroscopile horizgon previously described is
used as the control unit. The rotor R, shown in top
view in figure 17, rotates about a vertical axig and is
encloged in a cage Gl which is free to deflect in pitch,
Gimbal G2, in which case Gl is mounted, i1s free to de-
flect in bank. The nozzles N1 and N2 and nozzle plate
NP1 for controlling pitch, are similar in operation to
those of the directional unit described above. The nouzle
plate NP of the bank-~control element is shown: tho other
parts do not differ ossentially from those for the pifch
unit.

It will be noted that some complexity arises in con-
necting the nozzle plate WPl %o the case Gl. This is ec-
complished by a channel-shaped bail BA which pasees un-
der the case Gl and is connected thereto by a roller.
When the airplane banks, the roller on the cagse Gl rolls
in the channel, and when the airplane pitches the bail de~
flects with the case Gl and rotates nozzle plats NPL.

The bar Fl1 attached to the bail and nozzle-plate
unit, glves an indication of pitch through the window W.
The orientation of the nozzle unit is indicated by arm F2.

Bank is indicated by disk BEl which is free to ro=
tate with gimbal G2. The orientation of the nozzle unlt
associated with bank control is indicated by the long bar
BK2. Figure 18 and the front wview in figure 17 show the
dlal arrangement,

The case C 1is kept under vacuum by a vacuum pump,
for which the connection is shown.

The details of- the follow-up mechanism, the oll wvalwves,
and the servo cylinders for sach control are eossentially
as has been described for the directional unit. It should
be mentioned that a common oil pump and oil sump serve all
three servo cylinders. The three oil valves in present
designs are installed as a unit back of the gyroscopes on
the instrument panel shown in filgure 18.

Means are provided for caging the rotor unit Gl and
gimbal G2 ‘'and setting them in the normal attitude. EKnobs
K1 and K2' control, through suitable gearing, the setting
of the bank and pitch nozzles, respectively.
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Level flight.~ To maintain level flight it has been
found necessary to add an altitude-control unit %o the
pitch-control unit. This mechanigm, not shown in figure
17, consists of a diaphragm capsule which can be closed
off from the atmosphere by a manually opcrated valve,
marked "level" in figure 18. Deflection of this diaphragm
capsule, caused by change in altitude, rotates a nozzle
plate similar in principle to0 NP1 (fig. 17), and normally
covering two nozzles. TWhen one of the nozzles is uncov-
ered, alr flows through and operates an air mofor which,
through suitable gearing, turns nozzles N1 and Xe.
When this occurs, diaphragm D3 deflects and the oil valve
and servo cylinder operate to correct for altitude depar-
ture of the airplane. It is evident that the diaphragm cap-
sule may deflect with change in temperature of the air
trapped in the capsule when the level-control valve is
closed. The change in albtitude of flight due to this cause
1s about 100 feet per degree centigrade change in temper-
ature at all altitudes up to 30,000 feet, In the latest
models this source of error is eliminated by using & unit
compensatod for tomperature.

HETHODS OF DRIVIKG GYROSCOPIC INSTRUMEWTS

Gyroscoplc instruments at present available are aire
driven by means of. suction from a source such as & venturi
tube or wvacuum pump, At present vacuunm pumps are coming
into increasing use, displacing the venturi tube.

Yenturi tubeg.—~ When venturl tubes are used, the three
gyroscoplc instruments are driven by individual %tubes usu-
‘ally mounted on the fuselage in the slipstream of the pro-
peller, this increasing the suction developed. This mount-
ing position has the advantages of an air speed greater
than that of the airplane and of somewhat decreased hagzard
of ice forming in the throat, since the air going through
the tube is heated somewhat by the engine.

The double-throated venturi (fig. 19) is used to op-
srate the directional gyro or the gyroscopic horizon. 4
somewhat smaller venturil with a single throat is used to
operate the turn indicator. Data on the performance of
venturli tubes are given in reference 13. : :

The npower used at sea level and at a true air speed
.0f 80 miles per hour by each of two venturi tubes of the
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type used to operate the directlional gyro is 0,33 horse-
Power and for a tube of the type used to operate turn in-
dicators, 0.08 horsepower, making & total of 0.74 horse-
bower for an installation of three tubes. The power used
inereases in direct proportion to the product of the true
alr speed and the impact pressure. At sea level and at a
true air speed of 200 miles per hour the total power used
becomes 11,6 horsepower, which reduces to about 6,2 horse-
rower at an altitude of 20,000 feet., The maximum effi-
ciocncy of the wventuri tube is of the order of 3 percont,
and therefore most of the power absorbed is wasted as far
&s operating the gyroscopic instruments is concerncd. Fur-
ther, the actual efficiency is even less since venturi
tubes must be chosen so that the gyroscopic instruments
operate at relatively low air spoeds and the incrcased suc-
tion and air flow developed at higher alr spoeds are un-
needed. .

Vacuum pumpsg.- Engine-driven vacuum pumps are rapildly
replacing venturi tubes, This is due as much perhaps %o
thelr freedom from icing as to their much greater eoffi-
clency. ZParly installations gave considerable trouble,
mainly due to lubrication diffliculties, but the defects
have been largely eliminated.

Manifold suction.- Experiments have been conducted by
& number of organizations on the use of manifold suction
to operate gyroscopic instruments (reference 14). Without
nodification of the manifold to increase the suction avalle
able, the suctlon produced at full throttle is inadequate
to operate the gyroscopic instruments.

Suction regulator.- The practice at present is to
naintain a suction of 3,5 inches of mercury across the di-
rectional gyro and gyroscoplc horizon, and & suction of
2.0 inches of mercury across the turn indicator by means of
a guction regulator in the line near the instrunaents. The
regulator contains a spring~controlled spill valve which
opensg to admit. air at a suction of 3.5 inches of mercury
and has four ports, one for each of the three gyroscopilc
instruments proportioned in size so that the proper suctipn
1s inposed, and one connecting tec the gource of vacuunm,

Suctlon regulators now avallable have a performance
such that for an air flow from 4 to 10 cubic feet por nin-
ute at sea-~level pressure and temperature the suction at
the gyroscopic horigon and dirsctional gyro ports varies
from 3.5 to 4.0 inches of mercury and at the turn indicator
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port, from 2.5 to 3.0 inches of mercury. 4t low tempera-
ture the rellef valve may stick unless the valve surfaces
are clegn and free from a film of lubricant.

Filterg.- The alr for operating the instruments is
drawn from the cockpit or cabin of the airplane, Dust de-—
positing from the air affects the operation and 1life of
gyroscopic instruments. Dust filters are usually provided
at the entrance port of each instrument, These ars sither
metal screen or, in the latest models of the horizon and
directional gyro, a special grade of: filter paper.

Tubing.~ Tubing of sufficient bore must be used in
connecting the instruments to the suction source in order
to avold excessive pressure drop in the tubing. Convenient
methods of computing the pressure drop are ziven in refer-
ence 15,

National Bureau of Standards,
Washington, D. Ce., June 1938.



36

L.

10,

11,

l2.

N.A.C.A. Technical Note FNo. 662
REFEREWCES

Sylvander, R. C., and Rouunds, %, Wo: Divectional In-
struments. Part IV - Turn Indicators._ T.R. No.
l2g, N.A.C.A., 1922,

Stewart, 0., Je: Aircraft Instruments.  Chapman & Hall,
London, 1930,

Equipment Used in Experiments to Sclve the Problem of
Fog Flying. The Danicl Guggenheim Fund for the
Promotion of Aeronautics, 1930.

Baggett, Preoston R.: Automatic Flight and Blind Landing.
The Sperryscope, vol, 7, March 1936, pp. 1l~4.

Bassett, Preston R.: Development and Principlés of
the Gyropllot. Ingtruments, vol. 9, Sept. 1938,
p. 251,

The Principles and Practice of Auntomatic Control. The
Engineer, wvel. 163, 1937, pp. 204, 330, 408, 438,
487 .

Haus, Fr.: Automatic Stabilization. T.H. No. 802,
N.ALC.LA., 19386,

Meredith, F. W., and Cooks, P. A.: Aeroplane Stadbility
and the Automatic Pilot. Jour. R.A.S., vol. 41,
June 1937, pp. 415-436,

Reid, H. J. E.: 4 Study of Airplane Maneuvers with Eas-
pecial Reference to Angular Velocities, T.R., No.
155, N.A.C.A., 1922,

Sontag, Harcourt, and Brombacher, W. G.¢! Aircraft
Power-Plant Instruments. T.R. No. 466, R.A.C.A,,
1933,

Spilhaus, A. F.: ©Speed of Air Driven Rotors in Gyro-
scople Instruments. Jour. Aero. Sci.,, vol, I, 1934,
P. 45.

Schmidst, E.. Dag Verhalten des Sperryhorilizonts beim
stationaren Kurvenflug. Iuftfehrtforschung, wvol.
14, April 20, 1937, pp. 283-4292.



13.

14.

15.

W.A,0.A. Technical Note No. 662 37

Sontag, Harcourt, and Johnson, Danliel P.: Performance
Characteristics of Venturi Tubes Used in Alrcrafi
for Operating Air-Driven Gyroscopic Instruments.
TON' ITO- 524, N.AOGUA.’ 1937- ’

Draper, C. S., and Spilhaus, A. Fe¢: Power Supplies
for Suction-Driven Gyroscoplc Aircraft Instruments.
Trans. A.S.L{.E.’ 'V'Ol. 56, 1934, P. 289.

¥ildhack, W. Ae? Pressure Drop in Tubing in Aircraft
Instrument Installations. T.N. Ho, 593, N.A.C.A.,
1937,



N.A.C.A.Technical Note No. 662 ) Figs. 1,3

Figure .-
Diagram

of gyroscopic

turn indicator.

L\ Suction

s 9°9=

e JO VXS
U170

" o

o A !
N/ )i |

/’ R

Figure 3.-Top view
of turn indicator
test apparatus. T is
the turn indicator
and TT is a turn table,




¥.A.C,A. Technical Note No. 662 igs.2,5

g'-Hl“ld#"ll"ll‘llll llll!"llﬂllillll[ih;

DIRECTIONAL _ R
‘ GYRO s Figure 5.-
ArK A Photograph of
T/ e Sperry dirscti-
L R . . onal gyro.




N.A.C.A. Technical Note No. 662 - Fig. 4

Figure 4.- Diagram of Sperry directional gyro. ' ) . =
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Mgure 7.- Sperry scorsby
used to sub-
Ject gyroscopic instru-
ments to & combined pitch-
roll-and yaw motion. Two
instrunents are showmn in-
stalled,in the temperature
chamber which is mounted
on the scorsby table,
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the type used

Figure 18.- Photogrepn of double turoat venturi tube oi
to operate the iirectional zyro or tne gyroscopic -orizon.
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